A 65-kDa protein and a 10-kDa protein are two of the more strongly immunoreactive components of Mycobacterium tuberculosis, the causative agent of tuberculosis. The 65-kDa antigen has homology with members of the GroEL or chaperonin-60 (Cpn6O) family of heat shock proteins. The 10-kDa antigen has homology with the GroES or chaperonin-10 family of heat shock proteins. These two proteins are encoded by separate genes in M. tuberculosis. The studies reported here reveal that M. tuberculosis contains a second Cpn6O homolog located 98 bp downstream of the 10-kDa antigen gene. The second Cpn6O homolog (Cpn6O-1) displays 61% amino acid sequence identity with the 65-kDa antigen (Cpn6O-2) and 53% and 41% identity with the Escherichia coli GroEL protein and the human P60 protein, respectively. Primer-extension analysis revealed that transcription starts 29 bp upstream of the translation start of the Cpn6O-1 homolog and protein purification studies indicate that the cpn6O-1 gene is expressed as an -60-kDa polypeptide.
The diseases caused by mycobacteria are important sources of morbidity and mortality in the world today. More than one billion persons have been infected with Mycobacterium tuberculosis, the causative agent of tuberculosis. This disease accounts for -25% of all preventable deaths worldwidemore than 3.5 million deaths per year (1) . Much work over the past few years has gone into the identification and characterization of immunoreactive proteins of M. tuberculosis (for review, see refs. [2] [3] [4] . Two of the more strongly immunoreactive components of the pathogenic mycobacteria are a 65-kDa protein and a 10-kDa protein. The immune response to the 65-kDa antigen has received much attention because of possible roles in autoimmunity and arthritis and as an antigen of y8 T cells (for review, see refs. 5 and 6). Recently, the 10-kDa antigen has been shown to be an important T-cell antigen in tuberculosis patients (7) .
The genes encoding these proteins have been isolated and characterized (8) (9) (10) (11) (12) (13) . The 65-kDa antigen has homology with members of a family of heat shock proteins that has been called the GroEL, HSP60, or chaperonin-60 (Cpn6O) family (13) (14) (15) (16) . The 10-kDa antigen has homology with the GroES or chaperonin-10 (CpnlO) family of heat shock proteins (10, 11, 16 ). An unusual feature of these M. tuberculosis CpnlO and Cpn6O homologs is that they are encoded by nonadjacent genes. That is, most bacteria express the CpnlO and Cpn6O homologs as an operon (e.g., ref. 17) . The studies reported here reveal that M. tuberculosis does contain a potential operon encoding a CpnlO homolog (the 10-kDa antigen),t a Cpn6O homolog,* and the separate gene encoding the 65-kDa antigen. A similar arrangement of cpnlO and cpn6O genes has been described in Streptomyces spp. (18) and Mycobacterium leprae (19) .
To avoid confusion in referring to the two M. tuberculosis Cpn6O homologs, particularly in regard to the extensive existing literature, we suggest that the 65-kDa antigen retain its designation as the 65-kDa antigen and the corresponding gene be designated cpn60-2. We suggest that the homolog encoded by the gene adjacent to the cpnlO gene be designated the Cpn60-1 product (cpn60-1 gene) in accord with current nomenclature for chaperonins.
MATERIALS AND METHODS Bacteria, Phage, and Plasmids. The isolation of a recombinant phage expressing the CpnlO homolog (A-SK24) from the A-gtll M. tuberculosis recombinant DNA library (20) has been described (21) . The 3.4-kb EcoRI fragment from this recombinant phage was subcloned into pUC19 to generate pRL4. In this plasmid, transcription of the M. tuberculosis gene encoding the CpnlO homolog is from the pUC19 lac promoter. Portions ofthe mycobacterial DNA insert in pRL4 were also subcloned into M13mp18, M13mpl9, and pBluescript KS (Stratagene) vectors using standard procedures (22) . A set of nested deletions of this fragment was generated using the Erase-a-Base kit (Promega). Plasmid pTB12 carries the gene encoding the M. tuberculosis 65-kDa antigen (9) . Phage and plasmids were propagated in Escherichia coli strain XL-1 (Stratagene). Sequences of the second Cpn60 homolog were also obtained independently from two M13 clones (11) containing the 2.25-kbp Sal I M. tuberculosis genomic DNA fragment.
Nucleotide Sequencing. Single-stranded DNA was isolated as described (22) and nucleotide sequences were determined using the Sanger dideoxynucleotide chain-termination method (23), deoxyadenosine 5'-[a- [35S] thio]triphosphate (Amersham) , and a Sequenase kit (United States Biochemical). The products of the sequencing reactions were separated on 6% polyacrylamide/7 M urea/l x TBE gels (22) poured with 0.4-to 1-mm wedge spacers (Bio-Rad) or 0.4-mm flat spacers. After electrophoresis, the gels were fixed in 10% (vol/vol) acetic acid/10% (vol/vol) methanol, washed in H20, dried under vacuum, and exposed to Kodak XRP-1 film. The nucleotide sequences were determined independently for both strands of the mycobacterial DNA. Computer-aided analysis of the nucleic acid and deduced protein sequences was performed using the GCG sequence analysis software package (ref. 24 ; University of Wisconsin Biotechnology Center, Madison).
Primer Extension. Mycobacterium bovis bacillus Calmette-Gudrin (BCG) cells were grown to late-exponential growth phase in Dubos broth supplemented with Dubos medium albumin (Difco) in 200-ml bottles. Total cellular RNA was extracted by sonication in 4 M guanidinium isothiocyanate and CsCl ultracentrifugation (25) . Total RNA was digested with 10 units of RNase-free DNase I for 20 min at 37°C. (The RNase control was digested with 10 ug of DNase-free pancreatic RNase for 20 min at 37°C.) The Abbreviations: RBS, ribosome binding site; BCG, bacillus CalmetteGderin; CpnlO and Cpn6O, chaperonin-10 and chaperonin-60, respectively; IMAC, immobilized metal ion affinity chromatography.
*The sequence reported in this paper has been deposited in the GenBank data base (accession no. X60350).
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resulting RNA was then subjected to primer extension using the oligonucleotide 5'-GCGGTTTCGTCGTATTCGAT-3' (bases [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] (Coming) to an OD600 of 0.5. Bacteria were harvested by centrifugation and the pellet was washed with phosphate-buffered saline (PBS). The final pellet from 100 ml of culture was resuspended in 2.5 ml of buffer A (6 M guanidine hydrochloride/0.1 M NaH2PO4/0.01 M Tris, pH 8.0) and transferred to a 50-ml Oakridge centrifuge tube (Nalge). Sterile glass beads (0.1 mm, diameter; 0.5 ml, packed volume) were added and the sample was sonicated in a cup horn sonicator for 10 min (40 W in 3-sec pulses). The glass beads and cellular debris were removed by centrifugation at 10,000 x g for 10 min and the supernatant was transferred to a fresh tube and stored at -20°C.
Strains XL-l(pRL4) and XL-l(pTB12) were grown at 37°C Immobilized Metal Ion Affinity Chromatography (IMAC). Proteins were purified using a nitrilotriacetic acid resin (26) and a guanidine hydrochloride/urea/phosphate buffer system as described by the supplier (Qiagen, Chatsworth, CA; ref. 27) . Briefly, columns containing -2 ml of the nitrilotriacetic acid resin were equilibrated with 10 ml of buffer A. The crude bacterial lysates (2.5 ml in buffer A) were then loaded onto the columns. The samples were washed with (i) 10 ml of buffer A, (ii) 10 ml of buffer B (8 M urea/0.1 M NaH2PO4/ 0.01 M Tris, pH 8.0), and (iii) 10 ml of buffer C (buffer B, pH 7.0). The columns were stored overnight at 4°C in buffer C. The bound proteins were eluted with buffer D (buffer B, pH 5.9). Samples (1 ml) were collected and analyzed by electrophoresis on 10% polyacrylamide/SDS Laemmli gels (28) followed by silver staining (29 open reading frame was found _100 bases downstream from the end of the 10-kDa antigen open reading frame. This frame was preceded by a 5/6 match with the consensus sequence for a ribosome binding site (RBS) and translation of it produced a 55-residue sequence that had 34 amino acids identical to those in the N-terminal sequence of the 65-kDa antigen. On the other hand, no open reading frame was found in the 575 bp of sequence upstream of the 65-kDa antigen open reading frame that could encode a CpnlO homolog.
The nucleotide sequence of the remainder of the second open reading frame was determined from subclones of pRL4 (12) and a 2.25-kbp Sal I M. tuberculosis genomic DNA fragment (11) . The nucleotide sequence and deduced protein sequences are shown in Fig. 1 . Also, as is typical for M. tuberculosis genes (9), the overall G + C content of the two open reading frames is =65%, and the G + C content of the third position of the codons is 83%. Overall, this region ofthe M. tuberculosis genome displays the typical groE operon structure of promoter-RBS-GroES-(50-100 bases)-RBSGroEL-transcription terminator (Fig. 2) .
To map the start site of the mRNA encoding the second Cpn6O homolog (hereafter designated Cpn60-1), primerextension studies were done using a primer located 13-32 bases downstream ofthe presumed ATG start codon. A 61-bp product was produced in these experiments (Fig. 3) , which indicates that the transcription start site was 29 bp upstream of the ATG start codon. No extension products were observed after RNase treatment or omission of the primer, confirming that the bands produced were mRNA extension products. Thus, the second cpn60 gene (hereafter, cpn60-1) is expressed at the level of RNA but does not appear to be expressed as part of an operon with the cpnl0 gene.
At the nucleotide level, the open reading frame for the Cpn60-1 homolog displays -66% sequence identity with that of the 65-kDa antigen gene. The sequences outside the open reading frames show little similarity. The deduced amino acid sequences of Cpn6O-1 and the 65-kDa antigen display excellent alignment with 61% sequence identity and 76% sequence similarity (Fig. 4) .
When compared to other members of the Cpn6O family of heat shock proteins, the 65-kDa antigen consistently shows 5-10% greater sequence identity and similarity than does the Cpn6O-1 protein (14/14 comparisons; P < 0.002, Wilcoxon signed rank sum test). For example, the 65-kDa antigen displays 59% sequence identity and 76% similarity to the E. coli GroEL protein (17) , and Cpn60-1 displays 53% sequence identity and 70% similarity. Similarly, the 65-kDa antigen displays 47% sequence identity to the human P60 protein (31) and Cpn60-1 displays 41% sequence identity. However, it should be noted that the differences are statistically significant for only 5 ofthe 14 comparisons (P < 0.01, Fisher's exact test).
One apparently unique feature ofthe Cpn60-1 protein is the histidine-rich sequence at the C terminus, -DHDHH-HGHAH. Typically, Cpn60 homologs contain a sequence rich in glycine and methionine residues at the C terminus (e.g., -DMGGMDF, for the 65-kDa antigen), although the Rickettsia tsutsugamushi Cpn60 homolog does contain two histidine residues near the C terminus along with the MGGM motif (32) and one of the Streptomyces Cpn60 homologs contains four closely spaced histidine residues (18) . One consequence of this is that the Cpn60-1 protein should bind to metal chelate adsorbents. The 65-kDa antigen should not bind to the metal chelate adsorbents since binding requires two or more adjacent histidine residues (26, 27) .
To determine whether the Cpn60-1 protein was actually expressed in mycobacteria, a lysate of M. bovis BCG was subjected to IMAC (26, 27 (data not shown). As seen in Fig. 5 antigen gene (lane A). Importantly, both of the =60-kDa IMAC-purified proteins reacted with a polyclonal antiserum raised against the Legionella Cpn6O homolog (data not shown). Also, as expected (27) , both E. coli lysates contain three or four other proteins (one is superoxide dismutase) that bind to the column. The crude lysates of M. bovis BCG and XL-1(pTB12) did contain the 65-kDa antigen as determined by a Western blot analysis using monoclonal antibodies specific for the 65-kDa antigen (data not shown).
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DISCUSSION
Previous studies have shown that both M. tuberculosis and M. leprae encode their CpnlO and Cpn6O homologs in separate genes (8) (9) (10) (11) (12) (13) . This was in contrast to the observation that the CpnlO and Cpn6O homologs in other bacteria were expressed as part of an operon (e.g., ref. 17) . The results presented here show that M. tuberculosis does contain a potential operon that could encode a CpnlO homolog, a Cpn6O homolog, and a separate gene encoding a second Cpn6O homolog.
The strong band aligning with the thymidine (T) in the sequence ladder (Fig. 3 ) most likely represents the 5' end of the mRNA for the cpn60-1 gene. Since the sequence ladder represents the complement of the sequence shown in Fig. 1 , this corresponds to the adenosine (A) at position 722 in Fig.  1 . Minor primer-extension products of 50, 86, and 107 bp 2) , and in the absence of primer (lane 3) were electrophoresed on 6% polyacrylamide/urea gels. The sequence ladder was derived using the same oligonucleotide as the primer in Sanger dideoxynucleotide sequencing reactions (lanes marked T, C, G, and A).
were also observed and may represent alternative 5' ends. Several matches with consensus promoter sequences (both or-70 and a-32 promoters) are present in this region of the sequence, suggesting that the transcription initiation point of the cpn6O-1 mRNA is at position 722. However, it must be noted that the relationship between the prokaryotic consensus sequences and mycobacterial promoters is not known. Alternatively, the 5' end of the cpn60-1 mRNA could be produced by a specific cleavage from a larger transcript. In either case, despite having a structure resembling an operon, primer-extension studies indicate that the Cpn6O-1 homolog is not translated from a polycistronic mRNA that also contains the 10-kDa antigen gene.
At (i) the deduced amino acid sequence of the protein is consistent with its size and ability to bind to IMAC columns, (ii) the IMAC-purified protein of M. bovis BCG comigrates with the IMAC-purified recombinant-produced Cpn6O-1 protein, and (iii) both the recombinant-produced protein and the IMAC-purified mycobacterial protein react with a polyclonal anti-Cpn6O serum.
The deduced amino acid sequences of the Cpn6O-1 protein and the 65-kDa antigen display 61% sequehce identity. Interestingly, this is much less than the 95% identity between the 65-kDa antigens of M. tuberculosis and M. leprae (34) (17) .] The ability to obtain pure preparations of each of the Cpn6O homologs should allow dissection of their biochemical and structural properties. Despite the expression of two highly conserved Cpn6O homologs in M. tuberculosis, it appears that the extensive immunologic and biochemical analyses of a cross-reactive 65-kDa protein of mycobacteria (for review, see refs. [2] [3] [4] [5] [6] have been directed at the protein encoded by the 65-kDa antigen gene and not at the cpn60-1 gene. This is due in part to much of the work being done using proteins purified from E. coli recombinants expressing the 65-kDa antigen gene or synthetic peptides corresponding to the 65-kDa antigen sequence. However, even studies using whole bacteria or lysates seem to have involved the 65-kDa antigen. For example, the N-terminal sequence determined by De Bruyn et al. (35) matches that of the 65-kDa antigen. All but one (SL-22) of the seven monoclonal antibody binding sites mapped on the 65-kDa antigen sequence map to a sequence that is not shared with the Cpn6O-1 protein (36) . More than 20 T-cell epitopes have also been mapped onto the 65-kDa antigen sequence (37, 38) . Again, most of these regions map to areas that are unique to the 65-kDa antigen. Perhaps of greatest interest here is the observation that the sequences of the epitopes involved in adjuvant arthritis (residues 180-188) and in yOT-cell reactivity (residues 180-195) are unique to the 65-kDa antigen (39, 40) . However, we must note that it is not possible at this stage to predict the immunologic role of the Cpn6O-1 protein. For example, two-dimensional SDS/ polyacrylamide gels of M. tuberculosis extracts contain several spots in the 60-to 65-kDa range that stimulate the proliferation of human T cells (33) .
The Cpn60-1 protein and the 65-kDa antigen do share B-cell epitopes since a polyclonal antiserum raised against the Legionella Cpn6O homolog does cross-react with both M. tuberculosis proteins (C.J.H., unpublished results). This cross-reactivity raises the possibility that other species might be assayed for expression of a polyhistidine-containing GroEL homolog by a combination of IMAC and immunoblot analysis.
Finally, it should be emphasized that, although the Cpn6O-1 protein was purified by IMAC, we do not know whether the Cpn6O-1 protein binds metal ions in vivo. That is, in the guanidine/urea buffer system used in this study, binding to the metal chelate adsorbent simply requires the presence of three or more adjacent histidine residues (26) . The technique does not address activities in vivo.
